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ABSTRACT
Predicting climate-driven tree species’ future redistribution is a key element to
guide preemptive forest management to mitigate the adverse consequences of climate
change. This study uses the Forest Inventory and Analysis (FIA) database to determine
tree species’ potential. The dynamic variable calculated in the study is the standardized
growth rate residual by basal area for a ten-year period (2003-2013). Residuals of growth
rate are examined by latitude within each species’ range, indicating on-going habitat
preference. This study examined six, US confined species that are climate sensitive.
While this study hypothesized that high growth rate residuals would be present at
northern range of climate-sensitive species compared to their southern range limits,
indicating northward migration potential, two species (Black locust, Osage orange)
showed northern migration potential, three tree species (Laurel oak, Water oak,
Sweetbay) showed range contraction towards their southern boundaries, and one species
(Willow oak) indicated southern migration.
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INTRODUCTION
Climate change is expected to cause systematic changes in vegetation distribution
via phenology (Chuine 2010; Cleland et al. 2007), growth pattern (Breshears et al. 2009;
Purves 2009), demography (Iverson & Prasad, 1998) or biotic interaction (Tylianakis et
al. 2008; Bardgett & Wardle, 2010). Changes in vegetation distribution in turn exert some
degree of influence on climate through vegetation-climate feedbacks. Thus, predicting
climate-driven tree species’ future redistribution is a key element to both predict climate
changes and to also guide preemptive forest management to mitigate the adverse
consequences of climate change.
The geographic extents of North American tree species have changed periodically
over time in response to changes in past climates (e.g. glacial-interglacial cycles) which
is evidenced by many paleoecological studies (Copenhaver-Parry et al., 2017, Williams et
al., 2004). However, the anthropogenic warming trends take place at unprecedented rates
when compared with historical records (Jones & Mann, 2004). Indeed, climate change
has already caused substantial tree distribution shifts to higher elevations (Beckage et al.,
2008; Bell et al., 2014; Kelly & Goulden, 2008) and poleward (Parmesan & Yohe, 2003;
Chen et al., 2011). There are many empirical local studies showing upslope tree line
shifts, which are explained by minimum winter temperature (Dullinger et al., 2004) as a
primary control on the survival of tree species in mountainous areas (Siccama, 1974;
Beckage et al., 2008); however, predicting latitudinal distribution shift is a challenging
task because latitude is a surrogate for compounding factors such as temperature, water
availability, or glacial history that may mask effects of expected warming trends.
Moreover, tree species have long generation times causing time lags in responses,
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therefore their ability to genetically adapt to the environment may not match the pace of
contemporary climate change (Jump & Peñuelas, 2005; Lindner et al., 2010).
For a broad-scale study, there are concerns that tree species are failing to track
their latitudinal range at a rate as fast as the contemporary rate of warming trends
(Murphy et al., 2010, Zhu et al., 2012). For example, Zhu et al. (2012) studied 92 tree
species compared to 20th century temperature and precipitation and over half of them
showed overall range contraction rather than expansion. Bell et al. (2014) also concluded
that tree species are failing to keep up with warming trends, because seedling distribution
is contracting in response to recent climate change. However, there is still not enough
evidence to determine if tree species are not able to track warming trends.
Recent studies attempting to predict tree species redistribution include climatedriven modeling predictions, such as climate-envelope models (CEMs), and samplebased empirical observations, such as using species abundance or seedling distributions.
CEMs predict species’ viable habitats by associating aspects of bioclimatic factors and
species’ occurrences (Pearson & Dawson, 2003; Araújo & Peterson, 2012). While CEM
is useful for creating potential outcomes on species’ distributions from effects of climate
change (e.g. Huntley et al., 2008, Lawler et al., 2009), one key assumption is that of
climate equilibrium, the idea that tree species occur throughout the range of suitable
climate regime available to them, also known as their fundamental niche. Thus CEMbased predictions are based on the fundamental niche concept, lacking range variation, or
information on the species’ realized niche. Bell et al. (2014) predicted using CEM that
many tree species will see a range reduction or contraction in the future based on
different climate scenarios. While the predictions of many species’ range contractions are
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alarming, a study by Iverson et al. (2002), using five climate change scenarios, showed
conflicting results that Importance Value (IV; calculated as the sum of relative stem
counts and relative basal area) increases for tree species showing range contraction. So,
while the geographic extent of the tree species is shrinking, the abundance of those tree
species within the range may still be increasing. Iverson (2002) also found a 50%
decrease in Pinus virginiana’s (Virginia pine) range with a 10-50% increase in IV with
various climate scenarios agreeing. Murphy’s (2010) results for Pinus virginiana
coincide with Iverson’s, in that its abundance is greater at its southern boundary. The
increase in abundance implies that the tree species is thriving in that area; however, it is
unclear why they are becoming abundant if their range is shrinking.
Most sample-based empirical observations use static variables, such as seedling or
sapling abundance (i.e. counts per unit area or IV) compared to adult trees to predict
colonization rates of spread, because they are closely related to the demographic
processes of species (e.g. Zhu et al., 2012, Murphy et al., 2010). For example, Woodall et
al. (2009)’s study shows a potential shift northward for 11 of 15 northern species
indicated by their latitude of seedlings having a significantly higher mean (p-value <
0.05) than their latitude of adult trees. Murphy et al. (2010)’s study, on the other hand,
concludes that Pinus taeda’s (loblolly pine) is unlikely to migrate northward because of
its low abundance northern boundary compared to higher abundance at its southern
geographic extent. Regarding loblolly pine species, however, Canham & Murphy
(2016)’s study found that Pinus taeda has a growth decline at its southern geographic
extent. Thus, while the species’ abundance shows the density and occurrence of trees,
they may be insensitive to growth rate of that species. Growth rate is more sensitive to
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environment than static variables of abundance or regeneration rate and may indicate
migration potential before demographic changes occur (Fritts & Swetnam, 1989; Wason
et al., 2017). Therefore, detecting systematic changes in growth rate within its entire
range could become a tool to avoid problems regarding population demography delays
(Wason et al., 2017) and may indicate near-future tree compositions, range
redistributions, and species’ capabilities of migration responding to a changing climate.
This study examines six eastern US tree species to determine their potential for
range shift by their standardized growth rates. These species are selected as sensitive
target tree species in climate change studies by Woodall et al. (2010). Also, all species in
this study have northern extents of range that do not extend beyond the US boundary. In
this study, growth rates of individual species are attempted to be modeled by basal area
and minimum temperature as a standardization method, because tree growth is assumed
to be affected by basal area and minimum temperature, due to tree physiology and the
length of growing seasons, respectively. Then latitudinal variation of growth residuals of
individual species is examined across its range allowing growth rate to indicate near
future habitat preference thus potential migration. The objectives of this study are to
examine whether the selected six species exhibit statistically significant latitudinal
growth residuals, and that the latitudinal pattern is consistent with a demographic-based
its abundance pattern; this study assumes that the evidence for northward migration
potential is upward monotonic trends in both latitudinal growth residuals and IV.

Study Area
The study area comprises the 31 eastern-most states in the USA allowing for a
sub-continental scale tree species analysis of forests. Forests of the eastern US are a
4

product containing approximately 140 million hectares of forest, 50% of total forested
area in United States (USDA 2001). The study area is also diverse, containing three of
the six, major global Köppen climate classes (Mild Mid-Latitude, Tropical Humid, and
Dry) and three of eight global biomes (temperate broadleaf deciduous forest, temperate
grassland, and boreal forest) as identified by Woodward (2004). (Figure 1). Table 1
shows major forest group types for each Köppen Climate Classification within the eastern
United States (Figure 2).
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Figure 1. Eastern United States Köppen Climate Classification
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Köppen Climate Classification Boundary

Exotic Softwoods Group

Oak/Pine Group

Loblolly/Shortleaf Pine Group

Pinyon/Juniper Group

Aspen/Birch Group

Longleaf/Slash Pine Group

Ponderosa Pine Group

Douglas-fir Group

Maple/Beech/Birch Group

Spruce/Fir Group

Elm/Ash/Cottonwood Group

Oak/Gum/Cypress Group

Tropical Hardwoods Group

Exotic Hardwoods Group

Oak/Hickory Group

White/Red/Jack Pine Group

Figure 2. Eastern United States Forest Group Types
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Table 1. Forest Group Types per Köppen Climate Classification System
CLIMATE
AF

AM

AW

FOREST GROUP TYPES
Longleaf/Slash Pine Group

Dfa

White/Red/Jack Pine Group
Spruce/Fir Group

Tropical Hardwoods Group

Loblolly/Shortleaf Pine Group

Longleaf/Slash Pine Group

Pinyon/Juniper Group

Oak/Pine Group

Ponderosa Pine Group

Oak/Hickory Group

Exotic Softwoods Group

Oak/Gum/Cypress Group

Oak/Pine Group

Tropical Hardwoods Group

Oak/Hickory Group

Exotic Hardwoods Group

Oak/Gum/Cypress Group

Longleaf/Slash Pine Group

Elm/Ash/Cottonwood Group

Oak/Pine Group

Maple/Beech/Birch Group

Oak/Hickory Group

Aspen/Birch Group

Oak/Gum/Cypress Group

Exotic Hardwoods Group
Dfb

White/Red/Jack Pine Group

Tropical Hardwoods Group

Spruce/Fir Group

White/Red/Jack Pine Group

Loblolly/Shortleaf Pine Group

Longleaf/Slash Pine Group

Pinyon/Juniper Group

Loblolly/Shortleaf Pine Group

Douglas-fir Group

Pinyon/Juniper Group

Exotic Softwoods Group

Oak/Pine Group

Oak/Pine Group

Oak/Hickory Group

Oak/Hickory Group

Oak/Gum/Cypress Group

Oak/Gum/Cypress Group

Elm/Ash/Cottonwood Group

Elm/Ash/Cottonwood Group

Maple/Beech/Birch Group

Maple/Beech/Birch Group

Tropical Hardwoods Group

Aspen/Birch Group

Exotic Hardwoods Group
CFB

FOREST GROUP TYPES

Oak/Gum/Cypress Group

Elm/Ash/Cottonwood Group
CFA

CLIMATE

Dfc

White/Red/Jack Pine Group

White/Red/Jack Pine Group

Spruce/Fir Group

Loblolly/Shortleaf Pine Group

Maple/Beech/Birch Group

Pinyon/Juniper Group

Aspen/Birch Group

Oak/Pine Group

Dwb

White/Red/Jack Pine Group

Oak/Hickory Group

Spruce/Fir Group

Elm/Ash/Cottonwood Group

Elm/Ash/Cottonwood Group

Maple/Beech/Birch Group

Maple/Beech/Birch Group
Aspen/Birch Group
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DATA AND METHODS
Forest Inventory and Analysis (FIA)
The Forest Inventory and Analysis (FIA) database represents the continuous
efforts to systematically collect and disseminate data on America’s forests. Beginning in
the mid 1920’s the FIA includes the amount of existing forest, where it exists, the
property owner, how the forest changes and grows, and the amount of mortality and
removal (McRoberts et al., 2005). The USDA Forest Service provides different options to
download data from their FIA DataMart web portal, such as EVALIDator, state-level
databases through Microsoft Access, and state reports. FIA has a national sampling
design to collect tree-level data that consists of a nationally uniform cell grid. The
uniform cell grid superimposes the existing forest sample locations, which provides a
statistical basis for defining the annual set of measurement plots (Figure 3).

Figure 3. FIA Sampling Hexagons (McRoberts, 2005)
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FIA Sampling procedure
The FIA annual sampling procedure consists of three phases. Phase 1 is the initial
measurement of the plot by satellite imagery to determine forest land from non-forest
land. Phase 2 involves of field crews collecting forest data for every 6,000 acres. Phase 2
variables are: forest type, the attributes of the site, tree size, species, and condition. In
phase 3 measurement of forest health attributes for subsets of Phase 2 sample plots are
performed. To systematically distribute plots in Phase 2, the FIA annual inventory system
implemented a five-rotating panel system. The 1998 Farm Bill mandated temporal
sampling intensity of 20% of each state per year, thereby requiring a five-year cycle to
complete a state’s inventory. That panel system implemented in the annual inventory is
conceptually based on the Forest Health Monitoring (FHM) sampling frame (Overton
1990; White et al. 1992) used by the U.S. EPA’s Environmental Monitoring and
Assessment Program. The original FHM hexagons are approximately 160,000 acres (648
km2) in size. To satisfy the FIA sampling intensity, the FIA hexagons were subdivided
into 27 smaller hexagons that each covered 5,937 acres (25 km2) (Miles 2001). Each
hexagon was then assigned to one of five panels, with adjacent hexagon belonging to
different panels, thus creating a five rotating panel system (Figure 3).
There is one Phase 3 plot for every 96,000 acres, which equates to 16 phase plots,
or every 16 Phase 2 plots. The forest health attributes collected include tree crown
condition, understory vegetation, down woody debris, lichen community, and soil
attributes. Phase 2 data captures the actual observations of the forest site, tree size,
species, and condition.
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FIA Plot design
Four fixed radius subplots create an FIA plot (Figure 4) (McRoberts et al., 2005).
Phase 2 plots are comprised of four 24-foot radius subplots. Within these sub-plots, trees
with a diameter greater than 5 inches are identified and measured. Within each subplot
contains a microplot (6.8-foot radius), where trees are identified and measured if they
have a diameter less than 5 inches. Measurements inside the microplots include seedlings,
saplings, and other vegetation, while most other measurements remain at the subplot
level. Annular plots are for collecting physical samples, which allow for unaltered
subplots. Subplots can have more than one condition class, such as a forest and a
meadow, and never alter. Condition classes include reserved status, forest type, owner
group, regeneration status, tree density, and stand size class.

Figure 4. The FIA Plot Design of Phases 2
and 3 (McRoberts, 2005)
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FIA Plot Location Limitations
To assure the privacy of landowners with plots located on their land, an
amendment was added to the Food Security Act of 1985 (FIA Privacy Policy). This
amendment allowed the coordinates published to be slightly altered using a method called
fuzzing and swapping (Bechtold & Patterson, 2005). The technique, fuzzing, allows the
plot’s coordinates to be relocated within half a mile of the original location, randomly;
the swapping technique allows the coordinates between two plots to be switched if they
are both located on private land in the same county and have relatively the same
characteristics. To minimize the inaccuracy of swapping coordinates, these plots have
similar stand-size classes, forest types, latitudes, and longitudes. These techniques
support land-owner privacy without compromising FIA data.

Data Preparation
Data Acquisition
Tree species data for this study were downloaded from the USDA Forest
Service’s FIA DataMart (https://apps.fs.usda.gov/fia/datamart/CSV/datamart_csv.html)
as a csv file for the years 2003 to 2013 (Figure 5) (Table 2).
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Figure 5. Methods Flowchart

The downloaded data consist of 225 species from 66,723 plots. The csv file is the only
file that contains the growth rate variables available from the FIA DataMart; the original
access database does not contain the growth rate variables. There are three growth
variables classified by the status of terminal measurement (survivor growth, ingrowth,
and mortality growth); Survivor growth (ft3/year) measures the growth of sample trees
alive at both initial and terminal inventories of the given measurement cycle. Ingrowth is
the estimate of trees at the time they grow across the diameter threshold (1.0 and 5.0
13

inches) between initial and terminal inventories. Mortality growth includes the growth of
trees that died from natural causes between the initial and the midpoint of the
measurement cycle. Survivor growth is the only growth variable that does not have to be
modeled to be used. Other variables collected from the FIA csv file include tree-level
measurements of basal area (BA), species code for each tree, and plot coordinates.
The climate variable used in this study is minimum temperature. The minimum
temperature data used is an average of 30 years of minimum temperature observations
(1960-1990). These data were collected from the WorldClim – Global Climate Data
website (http://www.worldclim.org/version1) (Table 2).

Table 2. Datasets Used
Category

Acquisition

FIA FIA DataMart
(https://apps.fs.usda.gov/fia/datamart
/CSV/datamart_csv.html)
WorldClim WorldClim - Global Climate Data

Time
Range
2003-2013

1960-1990

Variables
Survivor Growth
Basal Area
Species Code
Plot Coordinates
Minimum
temperature

(http://www.worldclim.org/version1)
Variables
The main variables used in this study include: survivor growth (hereafter growth),
basal area, calculated IV, minimum temperature, and latitude. Basal area per plot is the
total cross-sectional area of all tree stems in a stand expressed as per unit of land area
(ft.2/acre) and is used to remove the influence of physiological patterns on survivor
growth (O’Connell et al., 2014). Importance Value (IV) is used to determine the
abundance of tree species as a baseline reference at different latitudes and is calculated as
14

shown in Equation 1, where x is an individual species on a plot, BA is basal area, and NS
is the number of stems that are summed for overstory and understory trees (Iverson et al.,
2002).

100𝐵𝐴(𝑥)

100𝑁𝑆(𝑥)

𝐼𝑉(𝑥) = 𝐵𝐴(𝑎𝑙𝑙 𝑠𝑝𝑒𝑐𝑖𝑒𝑠) + 𝑁𝑆(𝑎𝑙𝑙 𝑠𝑝𝑒𝑐𝑖𝑒𝑠)

(Eq. 1)

Minimum temperature is also used to remove the influence of different length of growing
seasons on the growth rate variable. Finally, latitude is used to spatially examine the
residual of survivor growth rate and IV within tree species’ geographic extents or range.

Data Cleaning
To calculate growth residuals for each species, data cleaning processes were
conducted; NA values were first removed from each variable, as NA values are
considered an incomplete inventory. Second, histogram of growth showed extremely high
values, thus 0.1% of upper and lower limits were removed as outliers. These extreme
values are treated as measurement errors (Figure 6), leaving the range of survivor growth
between -17.86 and 34 (ft3/year).
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Figure 6: Histogram of Survivor Growth for all Species before
removing Extreme Outliers

In addition to extreme values, negative values in growth rate data were also removed
(Figure 7). As a result, a total of 1,113,914 trees were used after the removal of a total of
487,681 trees (NA, outliers and negative growth values).
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Figure 7. Histogram showing the corrected survivor growth after the
outliers and negative values have been removed

The species selected in this study are 1) tree species with their entire range within the
eastern United States and 2) have a significant regression r-squared value (r-squared >=
0.7) and lastly, 3) climate-sensitive species suggested by Woodall et al. (2010).

Analytic Methods
Scaling up
All plot-level variables were aggregated to 20 km by 20 km grids (total 7,369 grid
pixels), created by the fishnet tool in ArcGIS, as basic analytic units (Iverson et al.,
2004). This aggregation unit is constructed to match the FIA sampling intensity and has
been used by many other studies using the FIA database (Kwon & Larsen, 2013). Next,
17

these grids were then partitioned into 1° latitudinal (25° - 49°N) bands using 0.5° of the
moving average window to evaluate their latitudinal variation. Each latitudinal band is
used to examine the mean of growth rate residuals and mean of IV.

Figure 8. 20 km by 20 km grid aggregated at 1°
latitude

Growth rate modeling by basal area and minimum temperature
Plot-level measurement of growth rate and basal area are averaged for each
species at the 20 km by 20 km grid level. Because growth of tree is assumed to be
affected by both its tree size and the length of growing season performed, standardization
by basal area and minimum temperature were applied (Table 3). Four regression models
(linear, quadratic, cubic, and logarithmic) were empirically tested for each species to find
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the best fit determined by the r-squared value (Equation 1). An r-squared value > 0.7 is
considered a reliable, strong regression model fit for this study.

Figure 9. A visual of the residual of an
actual survivor growth observation

Also, IV was calculated at the same grid unit as a reference for the demographic
pattern of the species. The analysis was done using the R package dplyr, which allows the
actual measurements of growth at grid level to be compared to the modeled expectations
for each species as growth rate residuals (Figure 9). Residuals are then calculated as the
difference between actual observations and the modeled value. If the observation is above
the modeled line, it is assumed that the growth rate is higher than expected for the basal
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area (positive growth residual), and if it is lower than the modeled line it is not growing
as much as expected (negative growth residual) (Figure 10).

Table 3. Coded variables in R script and their descriptions
CODE VARIABLE
G_S_GRID
BA_GRID

DESCRIPTION
Survivor growth per 20 km x 20 km grid
Basal area per 20 km x 20 km grid

Equation 1: Example of quadratic regression R code
g_s.ba.poly2.Fun <- function(x) {estCoef <- c(coef(lm(g_s_grid ~ poly(ba_grid,2,
raw=T), x)), summary(lm(g_s_grid ~ poly(ba_grid,2,
raw = T), x))$r.squared)
names(estCoef) <- c("intercept","constant1","constant2","rsquared")
return(estCoef)
}
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Figure 10. Examples of species showing regression lines (r-squared > 0.7) between
survival growth and basal area.

Latitudinal Series Analysis
The residuals of growth rate were plotted against latitude so that statistical tests
could evaluate whether the residuals of growth rate have statistically significant positive
or negative pattern relationships with the latitude throughout their geographic extents. As
the growth residual values are aggregated at much larger latitudinal bands, it also
averages out other factors, such as topographic or human interferences that would impact
21

growth pattern. This latitudinal statistical test is analogous to time series analysis, by
using the Mann Kendall Trend Test to determine monotonic increasing or decreasing
trends in the dataset. The Mann-Kendall trend test is a non-parametric test that identifies
trends in time series data. However, for this study, latitude is used in place of time to
create a latitude series analysis to determine the growth residual trend graphed against
latitude. The null hypothesis for the Mann-Kendall trend test is that there is no trend in
the dataset. Whether or not the trend is upward or downward is based on the statistic (i.e.
tau value, τ) being positive or negative.

RESULTS
Growth rate modeling by basal area and minimum temperature
The six species examined are Robinia pseudoacacia (black locust), Quercus
laurifolia (laurel oak), Maclura pomifera (Osage orange), Magnolia virginiana
(sweetbay), Quercus nigra (water oak), and Quercus phellos (willow oak). Among all
four regression models tested for standardization by basal area, the quadratic regression
model (Table 3) produced the best fit. (Table 4). For the regression by minimum
temperature, unlike the expectation, the results had insignificant r-squared values (< 0.1)
for all species.

Table 4. Tree Species' R-Squared Values
SPCD

Scientific Name

901

Robinia pseudoacacia

820

Quercus laurifolia

Common Name

R2 Value

black locust

0.733141303

laurel oak

0.769582539
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Table 4. (Continued)
Common Name

R2 Value

Osage-orange

0.800422634

Magnolia virginiana

sweetbay

0.82881691

827

Quercus nigra

water oak

0.708192555

831

Quercus phellos

willow oak

0.725106377

SPCD

Scientific Name

641

Maclura pomifera

653

Table 5. Mann-Kendall Trend Test Growth Rate Residual Results
SPCD
901
820
641
653
827
831

Scientific
Name
Robinia
pseudoacacia
Quercus
laurifolia
Maclura
pomifera
Magnolia
virginiana
Quercus
nigra
Quercus
phellos

Common
Name
black
locust
laurel oak

z value

n value

p-value

tau

2.1019

919

0.03556

0.04631354

-2.8985

842

0.003749
0.2506

0.06673436
0.03996503

Osageorange
sweetbay

1.1488

371

-4.2475

615

0.00002161 -0.1145156

water oak

-5.7821

1677

7.378E-09

willow oak

-5.3636

778

8.157E-08

0.09422874
-0.1284886

Table 6. Mann-Kendall Trend Test IV Results
SPCD
901
820
641
653
827
831

Scientific
Common
Name
Name
Robinia black locust
pseudoacacia
Quercus laurel oak
laurifolia
Maclura
Osagepomifera
orange
Magnolia sweetbay
virginiana
Quercus nigra water oak
Quercus
phellos

willow oak

z value

n value

p-value

tau

12.466

919

2.2E-16

0.2746611

-7.6938

842

-0.1771336

2.9768

371

1.429E14
0.002913

-5.5634

615

-0.1499907

-6.9227

1677

-3.6295

778

2.645E08
4.432E12
0.000284
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0.1035354

-0.1128165
0.08694746

Evaluating Individual Species
Robinia pseudoacacia (Black locust)
Robinia pseudoacacia is a native eastern United States tree species that ranges
from 31° latitude to 45° latitude. Standardizing with the quadratic regression yields R.
pseudoacacia having a statistically significant r-squared value of 0.73 throughout its
geographic extent (Table 4). R. pseudoacacia has a negative mean growth residual in the
middle of its range, indicating that the species is not doing well between 36° latitude and
40° latitude (Table 7). While it has a positive mean growth residual value between 32°
latitude and 35° latitude, it has a low IV (5% - 15%). 41° latitude and 45° latitude have a
positive mean growth residual as well as a higher IV (20% - 48%). The Mann-Kendall
trend test for the growth residuals produces a p-value < 0.04 and a tau value of
0.04631354 (Table 5) indicating that there is an upward monotonic trend in the latitude
series analysis (Figure 13). For IV, the test gives a p-value < 0.001 and a tau value of
0.2746611 (Table 6), indicating that there is also an upward monotonic trend in the IV.
Because the Mann-Kendall trend test gives an increasing trend value for both the growth
rate residuals and the IV, suggesting that the tree species may have potential northward
migration, which can be seen in the growth rate and IV comparison graphs in Appendix
A (Figure 29).
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Table 7. Robinia pseudoacacia’s survivor growth residual mean at each latitude band
Latitude Band
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Growth Rate Residual
Mean
-2.8624721
2.3655571
0.7032189
1.028395
0.1177364
-0.1292706
-0.3466954
-0.5481994
-0.3870669
-0.5806399
0.8364537
1.1991058
2.0432609
1.152366
1.3409494

IV Mean
5.236506
8.263261
15.45274
9.320314
6.457847
8.701327
8.477452
9.907563
13.11738
16.44671
20.67496
23.98796
27.73815
28.66083
48.43195

Figure 11. Robinia pseudoacacia Mean Survivor Growth Rate Residual Distribution
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Figure 12. Robinia pseudoacacia Mean IV Distribution

Figure 13. Robinia pseudoacacia Latitude Series Analysis

Quercus laurifolia (Laurel oak)
Quercus laurifolia is a native southeastern and south-central United States tree
species that ranges from 26° latitude to 38° latitude. Modeling with the quadratic
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regression results with Q. laurifolia having a statistically significant r-squared value of
0.77 (Table 4). Within its range, Q. laurifolia has a higher growth rate residual mean
(1.64 - 1.5) closer to the middle of its geographic range between 28° latitude to 30°
latitude than it does towards its northern boundary (Table 8) (Figure 14). The Q.
laurifolia’s IV is higher at its southern boundary than it is at its northern boundary (Table
8) (Figure 15). The Mann-Kendall trend test for the growth rate residuals yields a p-value
of 0.003749 and a tau value of -0.06673436 (Table 5) indicating that there is a downward
monotonic trend in the latitude series analysis (Figure 16). The Mann-Kendall trend test
for the IV gives a p-value < 0.0001 and a tau value of -0.1771336 (Table 6), indicating a
downward monotonic trend in the data. Based on the results of the increase in growth rate
residuals in the middle of its geographic range, the increase in IV at the southern
boundary, and a decrease in both the Mann-Kendall trend tests, it is unlikely that Q.
laurifolia will migrate northward (Figure 30).

Table 8. Quercus laurifolia’s survivor growth residual mean at each latitude band
Latitude Band
26
27
28
29
30
31
32
33
34
35
36
37
38

Growth Rate Residual Mean
-2.02484055
-3.82955979
1.64502096
1.54241176
1.50175954
-0.24115483
0.15722564
-0.05994198
-0.7454365
-1.88139803
-0.13692714
-5.59731699
-0.21317913
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IV Mean
8.954909
23.2049
17.4845
19.68112
21.9105
15.85838
12.87679
12.93711
9.553343
9.76464
7.254832
8.671673
7.107739

Figure 14. Quercus laurifolia Mean Survivor Growth Rate Residual Distribution

Figure 15. Quercus laurifolia’s Mean IV Distribution
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Figure 16. Quercus laurifolia Latitude Series Analysis

Maclura pomifera (Osage orange)
Maclura pomifera is a small deciduous tree with a geographic range between 32°
latitude and 42° latitude. Modeling with the quadratic regression reveals that with M.
pomifera has a statistically significant r-squared value of 0.80 (Table 4). Within its range,
M. pomifera has a higher mean of growth rate residuals at its southern and northern
boundaries compared to its middle range where a decrease in growth rate residuals (Table
9) (Figure 17). The M. pomifera’s IV increases more towards its northern boundary
(Figure 18). The Mann-Kendall trend test for the growth rate residuals gives a nonsignificant p-value of 0.2506 and a tau value of 0.03996503 (Table 5) indicating that
there is no monotonic trend in the latitude series analysis (Figure 19). The Mann-Kendall
trend test for the IV yields a p-value < 0.05 (0.002913) and a tau value of 0.1035354,
indicating that the data has an upward monotonic trend (Table 6). While there is not a
monotonic trend for the growth rate residuals, the slight increase in the growth rate
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residual mean towards the northern boundary combined with the upward monotonic trend
for IV, suggests it is possible that the Maclura pomifera range is migrating northward
(Figure 30).

Table 9. Maclura pomifera's survivor growth residual mean at each latitude band
Latitude Band
32
33
34
35
36
37
38
39
40
41
42

Growth Rate Residual Mean
0.7353645
0.3134993
-0.3684584
-0.4965925
-0.5034022
0.2111083
0.1620273
-0.7583813
0.2362126
0.4511153
2.517326

IV Mean
14.0699
21.0458
13.31489
15.38443
17.53592
22.77426
18.13248
22.25048
21.38637
26.95787
24.18982

Figure 17. Maclura pomifera Mean Survivor Growth Rate Residual Distribution
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Figure 18. Maclura pomifera Mean IV Distribution

Figure 19. Maclura pomifera Latitude Series Analysis
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Magnolia virginiana (Sweetbay)
Magnolia virginiana is native to the lowland of the eastern United States and
ranges from 26° latitude to 40° latitude. Modeling with the quadratic regression results
with M. virginiana having a statistically significant r-squared value of 0.82 (Table 4).
Within its range, M. virginiana has mostly negative growth rate residuals throughout its
entire range with the only positive residuals in its southern boundary (Table 10) (Figure
20). The M. virginiana’s IV is higher overall at its southern boundary and decreases as
latitude increases (Figure 21). The Mann-Kendall trend test for growth rate residuals
gives a p-value < 0.0001 and a tau value of -0.1145156 (Table 5) indicating that there is a
downward monotonic trend in the latitudinal series analysis (Figure 22). The MannKendall trend test for IV gives a p-value < 0.0001 and a tau value of -0.1499907 (Table
6) also indicating a downward monotonic trend. The negative growth rate residuals
throughout the boundary and the decrease in IV with an increase in latitude suggest that
M. virginiana is declining towards the north and its range is possibly shrinking (Figure
31).

Table 10. Magnolia virginiana's survivor growth residual mean at each latitude band
Latitude Band
26
27
28
29
30
31
32
33
34
35
36

Growth Rate Residual Mean
-0.60235138
-0.02367468
3.42227641
0.52244714
0.52237991
0.29916592
-0.43267582
-0.58869977
-0.70708121
-0.49588068
-0.68658971
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IV Mean
3.077747
28.12055
9.613218
9.551463
10.3415
13.61788
9.162185
11.45064
7.178816
6.795786
6.108762

Table 10. (Continued)
Latitude Band
37
38
39
40

Growth Rate Residual Mean
-0.04672154
-1.67382528
-1.1631175
-0.81946247

IV Mean
3.266925
6.602046
5.127631
3.364669

Figure 20. Magnolia virginiana Mean Survivor Growth Rate Residual Distribution
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Figure 21. Magnolia virginiana Mean IV Distribution

Figure 22. Magnolia virginiana Latitude Series Analysis
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Quercus nigra (Water oak)
Quercus nigra is native to the eastern and south-central United States and ranges
from 27° latitude to 39° latitude. Modeling with the quadratic regression results with Q.
nigra having a statistically significant r-squared value of 0.71 (Table 4). Within its range,
Q. nigra has a higher mean growth rate residual closer to its southern boundary (30°
latitude - 32° latitude) (Figure 23) with the IV mean staying around 15% (Table 11)
(Figure 24). The Mann-Kendall trend test for growth rate residuals gives a p-value <
0.0001 and a tau value of -0.09422874 (Table 5) indicating that there is a downward
monotonic trend in the latitude series analysis (Figure 25). The Mann-Kendall trend test
for IV gives a p-value < 0.0001 and a tau value of -0.1128165 (Table 6), also indicating
that there is a downward monotonic trend. With the highest mean growth rate residuals
and IV being between 30° latitude and 32° latitude and the downward monotonic trends
for both growth rate residuals and IV, it is likely that Q. nigra’s boundary is shrinking
(Figure 33).

Table 11. Quercus nigra's survivor growth residual mean at each latitude band
Latitude Band
27
28
29
30
31
32
33
34
35
36
37
38

Growth Rate Residual Mean
-2.23936732
-1.7577067
-0.01070871
2.50185483
0.81173283
0.54618655
-0.20611695
-1.10602574
-0.82124765
0.31256175
-1.30053794
-2.39010956
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IV Mean
21.38737
15.13728
9.505993
15.30271
15.30681
15.23577
13.57857
13.40293
12.66548
11.81092
7.188231
6.664821

Table 11. (Continued)
Latitude Band
39

Growth Rate Residual Mean
-5.05229017

IV Mean
6.268097

Figure 23. Quercus nigra Mean Survivor Growth Rate Residual Distribution

Figure 24. Quercus nigra Mean IV Distribution
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Figure 25. Quercus nigra Latitude Series Analysis

Quercus phellos (Willow oak)
Quercus phellos is native to the eastern and central United States and ranges from
30° latitude to 40° latitude. Modeling with the quadratic regression results with Q.
phellos having a statistically significant r-squared value of 0.72 (Table 4). The MannKendall trend test for growth rate residuals gives a p-value < 0.0001 and a tau value of
-0.1284886 (Table 5) indicating that there is a downward monotonic trend in the latitude
series analysis (Figure 28). As the Mann-Kendall trend test indicated, Q. phellos has a
higher mean growth rate residual closer to its southern boundary (30° latitude - 33°
latitude) (Figure 26), which then decreases at 34° latitude (Table 12). The Mann-Kendall
trend test for IV resulted with a p-value < 0.0001 and a tau value of -0.08694746 (Table
6), indicating a downward monotonic trend. The Q. phellos’ IV decreases as latitude
increases, leaving the southern boundary with the highest IV (Figure 27). Due to the
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higher mean growth rate residuals and mean IV at its southern border, it is likely Q.
phellos will migrate southward rather than northward (Figure 34).

Table 12. Quercus phellos’ survivor growth residual mean at each latitude band
Latitude Band
30
31
32
33
34
35
36
37
38
39
40

Growth Rate Residual Mean
2.1394264
1.3737936
1.7876449
1.4780392
-0.7510221
-0.1991649
-0.7626395
-2.0883711
-1.724883
-6.0946334
-1.3903861

IV Mean
17.37852
10.17123
16.19014
14.31431
12.88255
15.81581
10.01717
8.126196
11.10803
10.92857
2.508006

Figure 26. Quercus phellos Mean Survivor Growth Rate Residual Distribution
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Figure 27. Quercus phellos Mean IV Distribution

Figure 28. Quercus phellos Latitude Series Analysis
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DISCUSSION
The research objectives of this study were to determine if growth rate residuals of
individual tree species show statistically significant latitudinal variation and if so, which
tree species show statistically significant high or low growth residuals in their northern
geographic extent compared to their southern geographic extent. Determining how well a
tree species is growing at different latitudes using growth rate residuals provides a tool
that avoids problems associated with population demography delays (Wason et al., 2017).
Furthermore, this tool may indicate near-future tree redistributions in response to a
changing climate. Given growth rate is more sensitive to the environment findings of this
analysis predict a species’ capabilities for direction of migration (Fritts & Swetnam,
1989; Wason et al., 2017). While this study hypothesized that high growth rate residuals
would be present at northern range of climate-sensitive species compared to their
southern range limits, indicating northward migration potential, findings reveal
complexities in this relationship. Specifically, two species showed northern migration
potential (Robinia pseudoacacia and Maclura pomifera) while three tree species showed
range contraction towards their southern boundaries (Quercus laurifolia, Quercus nigra,
Magnolia virginiana); and one species showed indications of southern migration
(Quercus phellos).
There is concern among researchers that tree species’ lagged response will keep
them from genetically adapting to climate change. Some studies indicate that tree
species’ migration potential shows through variables like IV (e.g., Murphy et al., 2010);
however, a higher IV at a latitude does not mean that the tree species is growing well in
that area (Canham & Murphy, 2016). While IV would seem like a good indicator for
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migration, the mean growth rate residuals for the exact same latitudes could show
negative values, indicating growth decline. The key to understanding how tree species are
reacting in their current environments is revealed in comparing growth rate and IV.

Comparison with other FIA studies
Latitudinal growth residual pattern for the six species examined in this study are
compared with climate envelope modeling results by Iverson et al. (2002), recruitment
investigation (offspring vs trees distribution) by Woodall et al., (2009) and Zhu et al.,
(2012), and abundance-occupancy distributions at geographic range edges by Murphy et
al., (2010) that showed mixed results to assess species’ migration capacity (Table 13).

Robinia pseudoacacia
The Mann-Kendall trend test in this study showed an increasing trend for both the
growth rate residuals and the IV, which suggests that the tree species may have potential
northward migration (Figure 29). Iverson et al. (2002)’s study predicted that Robinia
pseudoacacia will have a possible 10-50% loss in IV and a 10-50% gain in area change
with potential movement (50 km) of northward latitudinal optimum. However, Zhu et al.
(2012)’s study for R. pseudoacacia is mixed. They predicted that R. pseudoacacia shows
range contraction for both northern and southern boundaries when comparing seedling vs.
tree abundance while it shows a positive mean latitudinal range expansion for its northern
boundary when sapling vs. large tree are compared. With the increasing growth rate
toward northern boundary, one reason that R. pseudoacacia could possibly be migrating
northward is that it is a shade intolerant species that requires copious amounts of sunlight
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and dry soil (J. C. Huntley, 1990), and the increase in global temperatures at higher
latitudes will contain preferable conditions.

Quercus laurifolia
Murphy et al. (2010)’s study suggests that Q. laurifolia will not migrate north due
to its low abundance northern boundary, and its higher abundance southern boundary
suggests that Q. laurifolia will persist at its southern boundary. For this study, based on
the results of the increase in growth rate residuals in the middle of its geographic range,
the increase in IV at the southern boundary, and both the Mann-Kendall trend tests for
growth rate and IV having downward monotonic trends, it is unlikely that Q. laurifolia
will migrate northward, which is in accordance with Murphy et al. (2010)’s study. This
study is also in agreeance with Woodall et al. (2009)’s study that shows Q. Laurifolia did
not have a statistically significant (p-value < 0.05) of its seedlings being farther north (<
0.1 change) than its biomass. This could be due to the seedlings having a dormancy
period causing them to wait to germinate the following spring after the fall is over. Even
though Woodall et al. (2009) shows Q. Laurifolia having a higher regeneration success at
its northern boundary, it is not migrating northward. Zhu et al. (2012) found that there is
a positive range expansion for seedling vs. tree at its northern boundary; however, the
southern boundary (seedling vs. tree), as well as both the northern and southern
boundaries for sapling vs. large tree all show range contraction.
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Magnolia virginiana
Iverson et al. (2002)’s study models that Magnolia virginiana, among five
different climate change scenarios, will have at least a positive 10% increase in area
change (range expansion; 10-260 km northward) and no change (for the range of 2xCO2
climate scenarios) to a maximum of 50% gain in IV, suggesting that M. virginiana could
be migrating northward. For Woodall et al. (2009)’s study, M. virginiana’s seedlings
were much farther north (0.38°) compared to its biomass and has one of the largest
statistically significant (p-value < 0.05) shifts northward, and it has a lower regeneration
rate at its southern latitudes. Although it has a higher regeneration rate at its northern
boundary, Woodall states that it is not migrating northward currently. For this study, the
negative growth rate residuals throughout the boundary and the decrease in IV with an
increase in latitude suggest that M. virginiana is declining in health and that its range is
shrinking to between 28° latitude and 31° latitude (Figure 31). The results of this study
and Iverson et al. (2002)’s study do not coincide with one another; however, they do
coincide with Woodall et al. (2009), as well as Zhu et al. (2012). Zhu et al. (2012) found
that M. virginiana’s mean latitudinal range is contracting for both seedling vs. tree and
sapling vs. large tree at both northern and southern boundaries, indicating overall range
contraction.

Maclura pomifera
Iverson et al. (2002)’s study predicted Maclura pomifera will have a >50%
increase in species’ range and IV (with only one climate scenario suggesting 10-50% area
increase). The optimal latitude suggested for M. pomifera is 30-40 km northward of its
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boundary. For this study, while the Mann-Kendall trend test for growth rate residuals did
not show a monotonic trend, the slight increase in the growth rate residual mean towards
the northern boundary as well as the upward monotonic trend for IV, it is likely that the
M. pomifera range is migrating northward. The possible migration northward seen in this
study agrees with Iverson et al. (2002)’s study. However, there is some discrepancy,
because Zhu et al. (2012)’s study found that there was range contraction at M. pomifera’s
northern boundary, expansion at the southern boundary (seedling vs. tree), and
contraction at both the northern and southern boundaries for sapling vs. large tree.

Quercus nigra
For this study, with the highest mean growth rate residuals and IV being between
30° latitude and 32° latitude and the downward monotonic trends for both growth rate
residuals and IV, it is likely that Q. nigra’s boundary is shrinking (Figure 33). Iverson et
al. (2002)’s study, however, predicted that Q. nigra will gain > 50% area change and 1050% loss in IV. The study suggests that the optimal latitude for Q. nigra is 170-340 km
northward. On the other hand, Zhu et al. (2012) discovered the Q. nigra’s seedling vs.
tree, as well as sapling vs. large tree, both show a mean latitudinal range contraction at
both the northern and southern boundaries, which is in agreeance with the findings of this
study.

Quercus phellos
According to Iverson et al. (2002)’s study, Q. phellos is expected to gain > 50%
area and have no change in IV. The study suggests that the optimal latitude for Q. phellos
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is 120-380 km northward, which accounts for the > 50% area change. For this study, it is
suggested that Q. phellos will migrate southward due to the higher mean growth rate
residuals and mean IV at its southern border and its downward monotonic trend for both
growth rate residuals and IV (Figure 34). Therefore, the results for this study do not
match Iverson et al. (2002)’s results. It also does not agree with Zhu et al. (2012)’s study
that found positive range expansion for its northern boundary (seedling vs. tree),
contraction at its southern boundary (seedling vs. tree), and contraction at both northern
and southern boundaries for sapling vs. large tree. However, the growth rate residuals for
this study indicate better growth at its southern boundary. It is unclear why the results
between growth rate and abundance or recruitment are opposite but a further study to
closely monitor this species is desired. The increasing growth trend towards the southern
limit could be due to Q. phellos preferring alluvial flood plains in the southeastern US,
such as Florida (Table 13).
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Table 13. FIA studies comparison and climate preferences
Scientific
Name
Robinia
pseudoacacia

Common
Name
black
locust

This Study
Northward
migration

Iverson et al.
(2002)
10-15% IV loss

Woodall et
al. (2009)
NA

10-50% area
change gain
50 km potential
northward shift

Zhu et al. (2012)
Range contraction at

Murphy et
al. (2010)
NA

Northern and southern
boundaries
(seedling vs. tree)

Climate Preference
Shade intolerant species
Plentiful sunlight
Dry soil

Range expansion
northern boundary
(sapling vs. large tree)
Quercus
laurifolia

laurel oak

Range
contraction

NA

Range
contraction

Positive northern range
expansion
(seedling vs. tree)

Maclura
pomifera

Osageorange

Northward
migration

Northward
migration

NA

Southern boundary
range contraction
Range contraction
northern boundary
(seedling vs. tree)
Range expansion
southern boundary
(seedling vs. tree)
Contraction at both
boundaries (sapling vs.
large tree)
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Will persist at
southern
boundary
(High
abundance
south)

Alluvial flood plains

Will not live with
continuous flooding
Sandy soils

NA

Pioneering species
Potential to invade
unmanaged habitats
Over grazed pastures
Abandoned crop fields

Table 13. (Continued)
Scientific
Name
Magnolia
virginiana

Quercus nigra

Quercus
phellos

Common
Name
sweetbay

This Study
Range
contraction

Iverson et al.
(2002)
Range expansion

water oak

Range
contraction

Northward
migration

willow
oak

Southward
migration

Northward
migration

Woodall et
al. (2009)
Seedlings
farther north
Low
regeneration
south
Not
migrating
northward
NA

NA

Zhu et al. (2012)
Range contraction for
both boundaries
(seedling vs. tree) &
(sapling vs. large tree)

Climate Preference
Full sun to part shade
Prefers organic soils

Tolerates wet & clay soils

Range contraction for
both boundaries
(seedling vs. tree) &
(sapling vs. large tree)
Positive northern range
expansion
(seedling vs. Tree)
Contraction at southern
boundary
(seedling vs. tree)
Contraction at both
boundaries
(sapling vs. large tree)
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Murphy et
al. (2010)
NA

NA

Adapted to wet, swampy
areas
Sandy soils & red clays

NA

Sun & shade
Alluvial flood plains
Stream banks

Study Limitations
Limitations of this study fit into four general themes: 1) because minimum
temperature was not statistically significant in standardizing growth rate and removed
from the study, latitude, a surrogate for temperature, could possibly influence growth
patterns; 2) this study does not include interspecific competition or 3) forest health issues,
which could influence tree species distribution; 4) it only encompasses a ten-year
measurement cycle, which is a problem because tree species are a long-lived species and
climate must have at least 30 years of data to examine. The growth rate residual
combined with IV for at least 30-year measurement cycle would be ideal to see the full
effects of tree species’ migration and climate together.

CONCLUSION
This study explored possible tree migration patterns in the eastern US by
comparing individual tree species’ standardized growth rate to their IV using the FIA
measurement cycle from 2003-2013 across 31 easternmost states. Species with ranges
only inside the US and an r-squared value >= 0.7 were evaluated for this study, which left
six species in total. A latitudinal series analysis was conducted to determine the trend in
growth rate and IV for each of the six species. Two species showed northern migration
potential (Robinia pseudoacacia and Maclura pomifera), three tree species showed range
contraction towards their southern boundaries (Quercus laurifolia, Quercus nigra,
Magnolia virginiana), and one species showed indications of southern migration
(Quercus phellos). While there is still some discrepancy between this study and previous
studies, growth rate residuals add dynamic evidence for potential tree species latitudinal
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expansion and contraction that other static variables cannot reveal by themselves.
Investigating a species’ latitudinal growth rate residual indicates adaptation occurring
within the tree species, which suggests not only their realized niche, but also the species’
preferred habitat. The results and limitations of this study require future research, which
should include using a larger measurement cycle for the growth rate residuals and a
greater number of eastern US species listed in the FIA database.
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APPENDIX A: Growth Rate Residuals and Importance Value Comparisons

Figure 29. Robinia pseudoacacia variable comparison graphs: Survivor growth rate per
grid (SGR per Grid) shows the survivor growth rate per 20 km x 20 km grid for each
latitude; Basal area per grid (BA per Grid) shows the basal area per 20 km x 20 km grid
for each latitude; Importance Value (IV) shows the Importance Value for each latitude;
the growth rate residual (Observed-Predicted) (SG Res (Obs – pre)) highlights the growth
rate residuals at each latitude; Growth Rate Residual – Basal Area (GR resid – ba) shows
the z score difference, or standard deviations, between growth rate residuals and basal
area at each latitude.
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Figure 30. Quercus laurifolia variable comparison graphs: Survivor growth rate per grid
(SGR per Grid) shows the survivor growth rate per 20 km x 20 km grid for each latitude;
Basal area per grid (BA per Grid) shows the basal area per 20 km x 20 km grid for each
latitude; Importance Value (IV) shows the Importance Value for each latitude; the growth
rate residual (Observed-Predicted) (SG Res (Obs – pre)) highlights the growth rate
residuals at each latitude; Growth Rate Residual – Basal Area (GR resid – ba) shows the
z score difference, or standard deviations, between growth rate residuals and basal area at
each latitude.
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Figure 31. Maclura pomifera variable comparison graphs: Survivor growth rate per grid
(SGR per Grid) shows the survivor growth rate per 20 km x 20 km grid for each latitude;
Basal area per grid (BA per Grid) shows the basal area per 20 km x 20 km grid for each
latitude; Importance Value (IV) shows the Importance Value for each latitude; the growth
rate residual (Observed-Predicted) (SG Res (Obs – pre)) highlights the growth rate
residuals at each latitude; Growth Rate Residual – Basal Area (GR resid – ba) shows the
z score difference, or standard deviations, between growth rate residuals and basal area at
each latitude.
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Figure 32. Magnolia virginiana variable comparison graphs: Survivor growth rate per
grid (SGR per Grid) shows the survivor growth rate per 20 km x 20 km grid for each
latitude; Basal area per grid (BA per Grid) shows the basal area per 20 km x 20 km grid
for each latitude; Importance Value (IV) shows the Importance Value for each latitude;
the growth rate residual (Observed-Predicted) (SG Res (Obs – pre)) highlights the growth
rate residuals at each latitude; Growth Rate Residual – Basal Area (GR resid – ba) shows
the z score difference, or standard deviations, between growth rate residuals and basal
area at each latitude.
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Figure 33. Quercus nigra variable comparison graphs: Survivor growth rate per grid
(SGR per Grid) shows the survivor growth rate per 20 km x 20 km grid for each latitude;
Basal area per grid (BA per Grid) shows the basal area per 20 km x 20 km grid for each
latitude; Importance Value (IV) shows the Importance Value for each latitude; the growth
rate residual (Observed-Predicted) (SG Res (Obs – pre)) highlights the growth rate
residuals at each latitude; Growth Rate Residual – Basal Area (GR resid – ba) shows the
z score difference, or standard deviations, between growth rate residuals and basal area at
each latitude.
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Figure 34. Quercus phellos variable comparison graphs: Survivor growth rate per grid
(SGR per Grid) shows the survivor growth rate per 20 km x 20 km grid for each latitude;
Basal area per grid (BA per Grid) shows the basal area per 20 km x 20 km grid for each
latitude; Importance Value (IV) shows the Importance Value for each latitude; the growth
rate residual (Observed-Predicted) (SG Res (Obs – pre)) highlights the growth rate
residuals at each latitude; Growth Rate Residual – Basal Area (GR resid – ba) shows the
z score difference, or standard deviations, between growth rate residuals and basal area at
each latitude.
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